. The risk factors of ED include advanced age, hypertension, dyslipidemia, metabolic syndrome, cardiovascular disease, central neuropathologic conditions, psychological factors, diabetes mellitus (DM), radical prostatectomy and the use of medications prescribed for the treatment of depression and hypertension [Kubin et al. 2003; Kupelian et al. 2006; Billups, 2005; McVary et al. 2001; Brown et al. 2005; McVary, 2007] . Among many treatment modalities for ED, phosphodiesterase type 5 (PDE5) inhibitors (PDE5Is) are now recognized as the first-line therapy for most men with ED of a broad spectrum of underlying etiologies and severity. In addition to sildenafil, vardenafil, tadalafil and avanafil that have been approved for the treatment of ED worldwide and udenafil that has been approved in thirteen countries, mirodenafil (Mvix; SK Chemicals Life Science, Seongnam, Korea), a second-generation PDE5I, was launched in Korea in November 2007, and its orally dissolving film (Mvix S) was launched in December 2011. Mirodenafil has been approved only in Korea. Its pharmacokinetic profiles include a time to peak serum concentration (T max ) of 1.25 hours, a half-life (T 1/2 ) of 2.5 hours and a half-maximal inhibitory concentration (IC 50 ) for PDE5 of 0.34 nmol/l [Palit and Eardley, 2010; Paick et al. 2008a] , which would confer a biochemical property of relatively high affinity (potency) for PDE5. While the pharmacokinetic profile is similar to that of sildenafil, mirodenafil appears to be 10 times more selective for PDE5 than sildenafil [Shin et al. 2006 ]. Several randomized, controlled trials have reported the favorable clinical efficacy and tolerability of mirodenafil in men with ED of a broad range of etiologies or severity [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013 ]. Thus, the availability of various PDE5Is including mirodenafil can provide multiple treatment regimens from which clinicians and patients may choose to optimize the likelihood of treatment success and improve the patients' satisfaction with few adverse effects. In this review, we highlight the preclinical and clinical data for the efficacy and tolerability of mirodenafil in men with ED.
Biochemical properties of mirodenafil
Because PDE5Is have similar structures to cyclic guanosine monophosphate (cGMP), they inhibit the degradation of nitric oxide (NO)-derived cGMP through binding competitively to the catalytic site of PDE5 ]. This allows the maintenance of higher cellular levels of cGMP in the corpus cavernosum and the vessels for sustained activation of NO/cGMP pathway, resulting in increased penile blood flow during sexual stimulation and, thereby, enhanced penile erection . Therapeutic and adverse effects of PDE5Is including mirodenafil depend on their selectivity for PDE5 over other PDE isoforms, on their pharmacokinetic profiles and on the distribution of different PDE isoenzymes in the corpus cavernosum or penile vessels [Cho and Paick, 2014] . Because different PDE isoenzymes are distributed over various tissues and a high concentration of PDE5 is present in the smooth muscle of the corpus cavernosum, the high selectivity for PDE5 over the other PDE isoenzymes is important for the increased therapeutic window of PDE5Is [Corbin and Francis, 2002] . In addition to the selectivity for PDE5 over the other PDE isoenzymes, degree of PDE5 inhibition in tissues other than the corpus cavernosum plays a critical role in determining the tolerability of PDE5Is. Table 1 shows a summary of mirodenafil characteristics.
Chemistry

Mirodenafil
[5-ethyl-2-{5-[4-(2-hydroxyethyl) piperazine-1-sulfonyl]-2-propoxyphenyl}-7-propyl-3,5-dihydro-4H-pyrrolo (3,2-d) pyrimidin-4-one] is a pyrrolopyrimidinone compound and has a molecular structure similar to cGMP, like other PDE5Is (Figure 1) [Shin et al. 2006 ]. Mirodenafil has a molecular mass of 531.666 g/mol and the product is available in tablet formulation or orally dissolving film of 50 and 100 mg.
Pharmacokinetics
Previous clinical studies of healthy male volunteers have shown that mirodenafil of 50-100 mg is rapidly absorbed, reaching maximum concentrations in plasma (C max ) at 0.67-1.5 hours and is then eliminated with a T 1/2 of 1.32-3.0 hours [Paick et al. 2008a; Noh et al. 2012; Shin et al. 2007 Shin et al. , 2009 Cho et al. 2013; Kim et al. 2009 ]. According to a previous preclinical study using rats, the C max and the area under the timeconcentration curve (AUC) of mirodenafil were dose dependent after oral administration at doses of 10, 20 and 50 mg/kg [Choi et al. 2009 ]. In another preclinical study using rats, oral bioavailability of SK-3530 based on the total radioactivity was estimated to be 60.4%, 62.2% and 69.9% for 10, 20 and 40 mg/kg doses, respectively, whereas that of parent SK-3530 was calculated to be 24.1%, 30.1% and 43.4% for 10, 20 and 40 mg/kg doses, respectively ]. This suggested that a considerable amount of mirodenafil was eliminated through an extensive first-pass metabolism, although orally administered mirodenafil was relatively well absorbed in the gastrointestinal tract ]. Thus, mirodenafil appears to have low oral bioavailability due to a high first-pass effect. A single-dose, randomized, open-label, crossover study of healthy male volunteers demonstrated that the pharmacokinetics (C max , AUC, T max and T 1/2 ) were not significantly altered by the concurrent administration of mirodenafil with alcohol ]. Also, according to a recent single-dose (50 mg), parallel-group, open-label clinical study of healthy men and those with renal impairment (creatinine clearance of less than 30 ml/min), the C max or T 1/2 value of the volunteer men with renal impairment was higher or lower than that of the healthy volunteers, but the T max and AUC were not different between the two [Noh et al. 2012] . However, there have been no published data on interaction of mirodenafil with food.
Pharmacodynamics
The IC 50 for PDE5 of mirodenafil (0.34 nmol) is 10 times less than that of sildenafil (3.50 nmol), indicating that mirodenafil has a 10 times higher affinity or potency than sildenafil [Shin et al. 2006 ]. However, the higher affinity or potency of mirodenafil for PDE5 does not mean that it has a Shin et al. (2007) , Cho et al. (2013) , Kim et al. (2009) and Shin et al. (2009) . $ Data obtained from a study by Shin et al. (2006) . IC 50 , half-maximal inhibitory concentration; PDE5, phosphodiesterase type 5; T max , peak serum concentration; C max , maximum concentration; AUC, area under the time-concentration curve; T 1/2 , half-life. greater clinical effect, but that less of it is needed for the desired effect ]. The selectivity of PDE5I for PDE5 over PDE1 is closely related to adverse effects such as flushing, tachycardia and vasodilation. The inhibitory effect of mirodenafil on PDE5 is about 48,000fold greater than that on PDE1 (selectivity ratio of 48,235), which appears to be greater than the PDE1 selectivity of sildenafil, vardenafil and tadalafil (with selectivity ratios of 80, 690 and >4000, respectively) [Shin et al. 2006; Francis and Corbin, 2003 ]. Inhibition of PDE3, which is mainly distributed in cardiomyocytes and degraded cyclic adenosine monophosphate (cAMP), is associated with increased heart rates and a positive inotropic effect [Bischoff, 2004] . The PDE3 selectivity ratio of mirodenafil is approximately 254,000, which is greater than those of sildenafil, vardenafil and tadalafil (with selectivity ratios of 4629, 40,000 and >4000) [Shin et al. 2006; Francis and Corbin, 2003 ]. Because PDE6 is mainly found in the cones/rods of the retina and controls retinal cGMP levels, PDE6 inhibition may cause visual disturbances such as blurred vision and chromatopsia [Bischoff, 2004] . The PDE6 selectivity ratio of mirodenafil is about 30, which appears to be a little greater than that of sildenafil (with selectivity ratio of 11) [Shin et al. 2006 ]. To date, no visual adverse effects have been reported in men taking mirodenafil. Also, the PDE11 selectivity ratio of mirodenafil is greater than 10,000, which is greater than those of sildenafil, vardenafil and tadalafil (with selectivity ratios of 780, 1620 and 5.5), suggesting a bare possibility of PDE11 inhibition at therapeutic doses of mirodenafil [Shin et al. 2006; Francis and Corbin, 2003 ]. However, the physiological relevance of PDE11 has not yet been established, although it has been speculated that back pain or myalgia may be associated with PDE11 inhibition [Bischoff, 2004] . Taken together, mirodenafil is a selective PDE5I on the basis of its high selectivity for PDE5 over the other PDE isoforms, although it is difficult to directly compare it with other PDE5Is because of a scarcity of data from head-to-head studies.
Metabolism
Cytochrome P450 3A4 (CYP3A4) plays a predominant role in the N-dealkylation of mirodenafil to SK-3541, a major active metabolite of mirodenafil, with a minor contribution from CYP2C8 . SK-3541 has 10 times lower in vitro potency for inhibition of PDE5 (3 nmol) compared with that of mirodenafil (0.34 nmol) . Mirodenafil is mainly excreted into the feces through hepatobiliary metabolism after oral administration ]. Urinary excretion of mirodenafil is very low (less than 2%) and that of SK-3541 is negligible, indicating that mirodenafil or SK-3541 is subject to nonrenal elimination ].
Efficacy of mirodenafil in the general population with erectile dysfunction
According to a preclinical study using an ex vivo tissue model of rabbits, the corpus cavernosum was relaxed in response to mirodenafil in a dosedependent manner, suggesting therapeutic potential in the treatment of ED . A previous phase I study showed that mirodenafil is effective and well tolerated at daily doses up to 200 mg in healthy male volunteers [Paick et al. 2008a ].
The clinical efficacy and tolerability of mirodenafil in patients with ED of various underlying etiologies and severities have been assessed in several randomized, placebo-controlled clinical studies [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013] . Tables 2 and 3 list baseline characteristics of the patients, outcome measures and treatment outcomes of the studies.
The phase II, 8-week, randomized, double-blind, placebo-controlled, multicenter, parallel-group clinical trial by Paick and colleagues evaluated the efficacy and tolerability of mirodenafil at three doses (50, 100 and 150 mg) in 119 Korean men aged 19-70 years with at least a 6-month history of ED from organic, psychogenic, or mixed etiology, to determine the optimal dose with respect to effectiveness and patient tolerance [Paick et al. 2008b] . As for the primary efficacy variable of erectile function (EF) domain scores of the International Index of Erectile Dysfunction (IIEF) questionnaire, the 50, 100 and 150 mg mirodenafil groups showed improvements of 8.4, 10.7 and 8.2 points, respectively, which were significantly higher than 2.3 points in the placebo group. The mirodenafil treatment groups demonstrated greater increases from baseline in the rates of successful vaginal penetration [questions 2 of the Sexual Encounter Profile (SEP2)] of 28.4-37.9% compared with 8.3% in the placebo group. Also, the increases from baseline of the rates of successful intercourse completions [questions 3 of the Sexual Encounter Profile (SEP3)] in the mirodenafil treatment groups (44.9-63.2%) were significantly greater than 18.6% in the placebo group. In terms of patients' responses to the Global Assessment Question (GAQ), the proportion of patients responding positively to the GAQ was significantly greater in the mirodenafil groups (50 mg mirodenafil, 24.1%; 100 mg mirodenafil, 51.7%; and 150 mg mirodenafil, 48.3%), compared with the placebo group (17.2%). Although the 150 mg group experienced significantly more treatment-associated adverse events (TAEs), all adverse events were mild or moderate in severity. Thus, the most efficacious and well tolerated doses were determined to be 100 and 50 mg, respectively.
A phase III, 12-week, multicenter, randomized, double-blind, placebo-controlled, parallelgroup, fixed-dose study by Paick and colleagues investigated the efficacy and tolerability of mirodenafil at two doses (50 and 100 mg) in 223 Korean men aged 19-70 years with a minimum 6-month history of ED of organic, psychogenic, or mixed etiology [Paick et al. 2008a ]. Regarding the primary efficacy measures of changes from baseline in scores of the IIEF question 3 (penetration ability) and question 4 (maintenance frequency), the 50 and 100 mg mirodenafil groups showed significantly greater increases in IIEF question 3 scores (placebo, 0.68; 50 mg mirodenafil, 1.16; and 100 mg mirodenafil, 1.63) and IIEF question 4 scores (placebo, 0.80; 50 mg mirodenafil, 1.83; and 100 mg mirodenafil, 2.62), compared with the placebo group. Likewise, mirodenafil improved the secondary efficacy variables such as changes from baseline in SEP2 and SEP3, and patients' responses to the GAQ. Mirodenafil significantly increased the proportions of 'yes' responders to the SEP2 (placebo, 15.44%; 50 mg mirodenafil, 27.72%; and 100 mg mirodenafil, 38.98%) and those to SEP3 (placebo, 20.18%; 50 mg mirodenafil, 44.19%; and 100 mg mirodenafil, 67.33%), compared with the placebo group. Also, the percentages of patients responding positively to the GAQ were greater in the 50 and 100 mg mirodenafil groups (66.67% and 89.04%, respectively), compared with the placebo group (31.51%). When subjects with scores of at least 26 in the IIEF-EF domain were classified as having normal erectile function, 17.3%, 46.6% and 62.2% of the placebo, mirodenafil 50 mg and 100 mg groups, respectively, were considered to recover normal erectile function after treatment.
According to a meta-analysis of three multicenter, randomized, double-blind, placebo-controlled clinical trials by Du and colleagues, the pooled data showed greater increases of 7.32 points in change from baseline of the IIEF-EF domain after the mirodenafil treatment compared with the placebo data [Du et al. 2014] . The pooled data demonstrated that mirodenafil treatment offered greater improvements of 24.73% and 43.78% in positive responses to SEP2 and SEP3 compared with the placebo data. Furthermore, mirodenafil treatment showed a greater increase in positive response to the GAQ compared with the placebo (risk ratio, 3.18). The pooled analysis showed that most adverse events were mild or moderate in severity with flushing and headache being the most common, and that no serious adverse events were reported during the study period. Thus, according to the meta-analysis, mirodenafil was observed to offer significant improvements across all efficacy measures.
Efficacy of mirodenafil in special populations with erectile dysfunction
Diabetic erectile dysfunction population Three preclinical studies using rat models of diabetic ED have suggested mirodenafil as a potential treatment of diabetic ED . A previous study by Park and colleagues using a rat model of streptozotocin-induced diabetic ED demonstrated that daily administration of mirodenafil for 4 weeks activated Akt signaling, which suppressed pro-apoptotic stimuli and maintained erectile function . Another preclinical study showed that administration of intravenous bolus mirodenafil (1 mg/kg) significantly improved erectile response in a rat model of streptozotocin-induced diabetic ED ]. Furthermore, a preclinical study by Lee and colleagues evaluated the pharmacokinetics of mirodenafil at a dose of 20 mg/kg in a streptozotocin-induced diabetic rat model . They showed that after oral administration of mirodenafil, the AUC and C max were not significantly different between diabetic and controls rats, possibly due to the opposite changes in protein expression of intestinal CYP1A1/2 (increase) and CYP2D (decrease) subfamilies in diabetic rats .
A phase III, 12-week, multicenter, double-blind, randomized, placebo-controlled, parallel-group, fixed-dose study by Park and colleagues assessed the efficacy and tolerability of 100 mg mirodenafil in 112 Korean men with diabetic ED . Regarding the primary efficacy variable of the change from baseline in the IIEF-EF domain score, the mirodenafil group demonstrated significantly greater improvement, compared with the placebo group (9.3 ± 6.8 versus 1.4 ± 6.1). Similarly, greater improvements in the mirodenafil groups were observed for the secondary efficacy parameters including the IIEF questions 3 and 4, and all IIEF domains other than IIEF-EF, SEP2, SEP3 and GAQ. Also, the percentage of patients who met the 'returnto-normal' definition of IIEF-EF domain scores of at least 26 after 12-week treatment was significantly higher in mirodenafil group (32.7%) than in the placebo group (9.4%).
Erectile dysfunction population with hypertension
A preclinical study by Lee and colleagues assessed the pharmacokinetics of mirodenafil at a dose of 20 mg/kg in a hypertensive rat model [Lee et al. 2011b] . After oral administration of mirodenafil to 6-week-old and 16-week-old spontaneously hypertensive rats (animal models for essential hypertension), the AUC of mirodenafil was significantly greater than that in age-matched controls. This was attributable to the hereditary characteristics of spontaneously hypertensive rats, but not the hypertensive state itself. On the other hand, after oral administration of mirodenafil to 16-week-old deoxycorticosterone acetate-salt-induced hypertensive rats (animal models for secondary hypertension), the AUC of mirodenafil was smaller than that in age-matched controls, which was explained by a significant increase in the intestinal metabolism of mirodenafil compared with the controls. Thus, the pharmacokinetics of mirodenafil does not appear to be affected by essential hypertension itself. According to a recent organ-bath study using corporal tissue strips to evaluate the interaction of mirodenafil with antihypertensive drugs, angiotensin receptor blocker (losartan), calcium channel blocker (nifedipine and amlodipine), α-adrenergic blocker (tamsulosin and doxazosin) except for angiotensin-converting enzyme (ACE) inhibitor (enalapril), enhanced mirodenafil-induced relaxation on phenylnephrine-contracted corpus cavernosum of rabbits, indicating that the combination of PDE5Is with the above-mentioned drugs could be a pharmacologic strategy for simultaneously treating ED and its comorbidities and for increasing response rates to PDE5Is [Lee et al. 2012] .
A phase III, 12-week, multicenter, double-blind, randomized, placebo-controlled, parallel-group, fixed-dose trial by Paick and colleagues was performed to determine the efficacy and tolerability of 100 mg mirodenafil in 107 Korean men with a minimum 6-month history of ED who were receiving at least one antihypertensive medication in a stable dose for a duration of at least 4 weeks [Paick et al. 2010] . In regard to the primary efficacy variable of changes from baseline in the IIEF-EF domain scores, the mirodenafil group demonstrated significantly greater increase in the scores at 12 weeks compared with the placebo group. Similarly, superior improvements in the mirodenafil group were observed for the secondary efficacy variables such as scores of the IIEF question 3 and question 4, the other four domains of IIEF, and percentages of patients responding positively to the SEP2, SEP3 and GAQ, compared with the placebo group. After the 12-week treatment, 40.7% of the mirodenafil group was observed to have a IIEF-EF score of at least 26, representative of normal erectile function, compared with only 7.5% in the placebo group. Mirodenafil was generally well tolerated in the subjects taking antihypertensive medications, without any serious TAEs during the study or thereafter.
Daily dosing for erectile dysfunction A phase III, 12-week, randomized, double-blind, parallel-group comparative study assessed the efficacy and tolerability of once-daily administration of 50 mg mirodenafil in the treatment of ED [Chung et al. 2013] . In terms of the primary efficacy variables of the IIEF-5 scores, Premature Ejaculation Diagnosis Tool (PEDT) scores, SEP2 and SEP3, the mirodenafil group showed significant improvements in all of the variables, compared with the control group. Similar results were observed in the comparison of the secondary efficacy variables such as the total International Prostate Symptom Score (IPSS), quality of life (QOL) index, subtotal voiding symptoms score of the IPSS and maximum flow rate (Qmax) between the mirodenafil and placebo groups. However, the mirodenafil treatment did not improve subtotal storage symptoms score of the IPSS and post-void residual urine volume (PVR) compared with placebo. No significant changes in systolic blood pressure (SBP), diastolic BP (DBP) and pulse rate were observed during the study period. All of the adverse effects were mild to moderate.
Erectile dysfunction population with lower urinary tract symptoms/benign prostatic hyperplasia
A multicenter, open-label, prospective, noncomparative study by Lee and colleagues evaluated the efficacy and tolerability of the combination of daily administered α1-blockers (tamsulosin 0.2 mg or alfuzosin) with 100 mg mirodenafil (twice a week) in 121 patients with both lower urinary tract symptoms (LUTS)/benign prostatic hyperplasia (BPH) and ED, who already received stable α1blocker therapy for more than 3 months [Lee et al. 2011a ]. After the start of the study, mean IPSS significantly decreased from 15.60 ± 7.79 at baseline to 11.29 ± 5.77 at 4 weeks and 9.01 ± 4.86 at 8 weeks, and mean quality of life index decreased from 3.22 ± 0.89 at baseline to 2.86 ± 0.90 at 4 weeks and 2.42 ± 0.96 at 8 weeks. Also, mean IIEF-5 score significantly increased from 7.78 ± 4.30 at baseline to 11.22 ± 4.19 at 4 weeks and 15.22 ± 4.00 at 8 weeks. In terms of the SEP2, SEP3 and GAQ, 62.24%, 56.12% and 72.45% of the patients reported 'yes' at 4 weeks, and 80.82%, 84.93% and 90.41% reported 'yes' at 8 weeks, respectively. However, no significant improvement in Qmax or PVR was observed. No significant change in BP or heart rate (HR) was observed during the study. The TAEs were minimal and self-limited.
Another prospective, multicenter, open-label trial assessed the efficacy and tolerability of daily coadministered α1-blocker and 50 mg mirodenafil in patients with both LUTS/BPH and ED, who were already receiving stable α1-blocker therapy for at least 4 weeks [Bang et al. 2013] . Although the improvement of total IPSS after the initial α1blocker monotherapy of 4 weeks was significant (from 23.70 to 18.70), the addition of 50 mg mirodenafil to the α1-blocker resulted in further reduction in total IPSS at 4 and 8 weeks after the co-administration (14.30 and 13.72, respectively). In terms of efficacy in the treatment of ED, the mean IIEF-5 scores significantly improved at 4 and 8 weeks after the additional mirodenafil medication (16.23 ± 5.80 and 16.16 ± 5.07, respectively), compared with before the co-administration (10.94 ± 5.70). Although the daily co-administered α1-blocker and 50 mg mirodenafil did not reduce the PVR, the Qmax improved at the end of the study period. There were no significant changes in SBP/DBP and HR during the study period. Also, no severe or serious adverse events were reported during the study period.
Erectile dysfunction population with other comorbidities
Penile rehabilitation strategies, such as chronic dosing with PDE5Is, have been suggested to prevent the functional and structural alterations in the penis induced by cavernous nerve (CN) injury during radical prostatectomy [Barazani et al. 2015] . A preclinical study using a rat model of CN injury showed that chronic dosing of 10 mg/kg or 20 mg/kg mirodenafil for 8 weeks improved the protein expression of neuronal NO synthase (NOS) or endothelial NOS and cGMP, and that it improved the erectile function by preserving the smooth muscle content and inhibiting the fibrosis of the corpus cavernosum ]. To date, however, no clinical data have been published on the efficacy of mirodenafil in patients with ED after radical prostatectomy.
A previous preclinical study using a rabbit model of acute spinal cord injury (SCI) evaluated the effect of PDE5Is at three doses (0.3 mg/kg, 1.0 mg/kg, or 3.0 mg/kg), on erectile response and compared between mirodenafil and sildenafil [Jung et al. 2008] . Interestingly, the onset of erection with mirodenafil was faster than with sildenafil, and the erectogenic potential of mirodenafil was significantly better than that of sildenafil at the same dose.
Safety/tolerability profiles
Based on available clinical data on mirodenafil for the treatment of ED, it is generally well tolerated with a few mild or moderate TAEs. All the reported TAEs of mirodenafil are listed in Table 4 . Although most of the clinical studies reported more frequent TAEs in the mirodenafil group than placebo group, they were generally mild to moderate in severity, with flushing (3.3-24.1%) and headache (1.8-14.8%) being most common. Severe TAE was reported only in one patient (facial flushing) [Paick et al. 2008a ]. These TAEs are related to the vasodilation, which is attributable to the selectivity of PDE5I for PDE5 over other PDEs such as PDE1. Thus, the adverse effects of PDE5Is such as mirodenafil are closely associated with inhibition of PDE5 expressed in nonpenile tissue or cross-reactivity with the other PDEs. Mirodenafil does not appear to be associated with adverse effects such as back pain or myalgia. In most of the studies, there were few cases that dropped out due to the TAEs.
Considering the vasodilatory effect of PDE5Is such as mirodenafil, clinicians might pay attention to its tolerability in men with ED who receive concomitant medications. To date, most of the clinical studies demonstrated that mirodenafil did not have an adverse effect on laboratory tests, electrocardiogram (ECG), or vital signs in men with ED, even in those who were taking concomitant medications such as antihypertensive medications or α1-blockers [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013; Lee et al. 2011a; Bang et al. 2013 ]. In men with ED who were receiving at least one antihypertensive medication (ACE inhibitor, angiotensin II-receptor inhibitor, α-blocker, β-blocker, calcium-channel blocker or diuretics) at a stable dose for a duration of at least 4 weeks, SBP and DBP along with HR were not significantly altered from baseline values in the 100 mg mirodenafil group, as well as in the placebo group. According to the two clinical investigations that examined the efficacy and tolerability of co-administered α1-blockers (tamsulosin or silodosin or alfuzosin or doxazosin) and 50-100 mg mirodenafil in patients with both LUTS/BPH and ED, mirodenafil treatment (100 mg twice a week or 50 mg once daily) did not cause significant hemodynamic changes such as SBP/DBP and HR over the course of the trial [Lee et al. 2011a; Bang et al. 2013] .
Comment
According to the current guidelines for ED, oral PDE5Is are now accepted as the first-line treatment option for ED, due to advantages such as favorable efficacy, tolerability, and ease of use [Montague et al. 2005; Hatzimouratidis et al. 2010 ]. Because all available PDE5Is have an appropriate onset or duration of action and favorable success rates, clinicians may consider trying all available PDE5Is until it is known which one has the best effects on the patient's erections with the least overall adverse effects [Shamloul and Ghanem, 2013] . In this respect, the introduction of various PDE5Is with varying biochemical properties can provide additional treatment options to help in choosing the right PDE5I for treatment of different patients in daily clinical practice. Thus, mirodenafil may be a helpful option for treatment of a variety of patients with ED, as supported by its favorable efficacy and tolerability profiles in the treatment of ED of broad-spectrum etiology and severity [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013; Lee et al. 2011a; Bang et al. 2013 ].
Most of the available evidence suggests that mirodenafil is effective, safe and well tolerated in the Table 4 . The summary of adverse effects caused by mirodenafil in five randomized placebo-controlled trials.
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Park et al. treatment of ED [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013; Lee et al. 2011a; Bang et al. 2013] . The recent meta-analysis by Du and colleagues demonstrated that mirodenafil improved the IIEF-EF domain score by 7.32 points, which is comparable with data from pivotal studies of sildenafil (6.00 points), tadalafil (7.49 points), vardenafil (7.11 points) and udenafil (5.66 points) [Du et al. 2014; Yuan et al. 2013 ]. As measured by the SEP2 and SEP3, mirodenafil could improve the rates of successful vaginal penetration and successful intercourse completion by 22.14% and 43.78%, respectively [Du et al. 2014 ]. These results are comparable with data of the pooled analysis of sildenafil (8.73% and 17.25%), tadalafil (27.73% and 36.17%), vardenafil (27.40% and 36.25%) and udenafil (26.22% and 28.29%) [Yuan et al. 2013] . In regard to the GAQ, the mirodenafil group (risk ratio, 3.18) had approximately 3.18 times higher positive responses to GAQ than the placebo group, which is consistent with data from prior studies of sildenafil (risk ratio, 3.20), tadalafil (risk ratio, 3.31), vardenafil (risk ratio, 3.32) and udenafil (risk ratio, 3.02) [Yuan et al. 2013 ]. However, further head-tohead comparative studies between the PDE5Is are needed because it is difficult to directly compare the efficacy between different PDE5Is due to differences in baseline characteristics of patients, inclusion criteria, outcome measures, dosing schedules and treatment periods. Furthermore, four of the five randomized clinical trials of mirodenafil excluded the nonresponders to PDE5Is [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010 ], while only a few sildenafil trials, half of vardenafil trials and only a third of tadalafil trials excluded men with ED that did not respond to previous PDE5Is [Tsertsvadze et al. 2009 ]. Thus, the difference could limit the comparison of treatment outcomes of mirodenafil trials with those of historical trials of vardenafil, tadalafil or sildenafil.
The pathophysiology of diabetic ED is multifactorial, including neuropathy, endothelial dysfunction, cavernosal smooth muscle structural/ functional changes and hormonal changes. Thus, the patients with ED are considered to be one of the difficult-to-treat populations Hatzichristou, 2009, 2014] . Mirodenafil (100 mg) treatment showed statistically significant improvements in changes from baseline in the IIEF-EF domain scores, compared with placebo (9.3 versus 1.4 points) . Similarly, greater improvements in the mirodenafil group were observed for the SEP2 (36.1% versus 8.9%) and SEP3 (61.8% versus 17.8%), compared with the placebo group . In accordance with the results for mirodenafil, a recent Cochrane review demonstrated that sildenafil treatment provided a greater increase in the IIEF-EF domain score of 7.19 points compared with placebo [Vardi and Nini, 2007] . Also, according to a multicenter, randomized, placebocontrolled trial by Sáenz de Tejada and colleagues, treatment with 10 and 20 mg tadalafil resulted in greater improvements of 6.3 and 7.2 points, respectively, in the IIEF-EF domain score compared with placebo [Sáenz de Tejada et al. 2002] . Also, the increases from baseline of the positive responses to SEP2 and SEP3 in 10 mg (22.2% and 28.4%) and 20 mg tadalafil (22.6% and 29.1%) groups were significantly greater compared with the placebo group (−4.1% and 1.9%). According to a phase III, multicenter, randomized, placebo-controlled trial by Goldstein and colleagues, treatment with 10 and 20 mg vardenafil resulted in improvements of 4.5 and 6.4 points, respectively, in the IIEF-EF domain score compared with placebo [Goldstein et al. 2003 ]. Also, treatment with 10 and 20 mg vardenafil showed greater increases from baseline in positive responses to SEP2 (10 mg, 26.2%; 20 mg, 19.2%) and SEP3 (10 mg, 31.0%; 20 mg, 29.0%) compared to placebo. A phase III, multicenter, placebo-controlled, randomized trial by Moon and colleagues showed that 100 and 200 mg udenafil improved the IIEF-EF domain score by 5.8 and 7.01 points, respectively, compared with placebo [Moon et al. 2011] . The treatment with 100 and 200 mg udenafil provided significantly greater increases from baseline in the positive response to SEP2 (23.84% and 31.07%) and SEP3 (45.57% and 55.56%) compared with placebo. Taken together, the efficacy of mirodenafil in the treatment of diabetic ED was comparable with that of other PDE5Is. However, the exclusion of nonresponders to PDE5Is and a scarcity of head-tohead comparative studies make the comparison between different PDE5Is difficult.
Hypertension is a strong risk factor for ED [Shamloul and Ghanem, 2013] . Also, several antihypertensive medications such as beta-blockers and thiazides are involved in the development of ED [Shamloul and Ghanem, 2013] . Although a frequent clinical issue is the possible interaction between PDE5Is and antihypertensive drugs, the PDE5Is are usually well tolerated in men with ED who are taking antihypertensive medications [Corona et al. 2011 ]. The clinical trial by Paick and colleagues showed that mirodenafil (100 mg) treatment provided significantly greater increases from baseline in the IIEF-EF scores compared with placebo (9.35 versus 2.66) [Paick et al. 2010] . Also, the mirodenafil treatment showed significantly greater increases in the success rates (proportions of 'yes' responders) of the SEP2 (30.18% versus 6.50%) and SEP3 (55.30% versus 16.48%), compared with placebo [Paick et al. 2010 ]. In accordance with these results, similar results for the IIEF-EF domain scores, SEP2 and SEP3 were obtained with 25-100 mg sildenafil (6.2 points), 20 mg tadalafil (8.1 points, 34.3% and 45.1%), 5-20 mg vardenafil (8.9 points, 32.4% and 38.0%), 200 mg udenafil (8.06 points, 26.7% and 50.5%) [Blonde, 2006; Kloner et al. 2005; Shabsigh et al. 2007; Paick et al. 2009 ]. In regard to the tolerability of mirodenafil concomitantly administered with antihypertensive medications, no significant alterations of SBP/DBP or HR in the mirodenafil group were observed [Paick et al. 2010 ]. Furthermore, co-administration of mirodenafil and antihypertensive medications did not significantly increase the incidences of TAEs such as vasodilatory symptoms (flushing or headache) or hypotensive symptoms (dizziness). The results of mirodenafil are comparable with those from published studies on already available PDE5Is such as sildenafil, tadalafil and vardenafil [Blonde, 2006; Kloner et al. 2005; Shabsigh et al. 2007; Paick et al. 2009; Kloner et al. 2001; van Ahlen et al. 2005] . Taken together, the PDE5Is, including mirodenafil, appear to be effective, safe and well tolerated, even in hypertensive men with ED who are receiving concomitant antihypertensive medications. However, the exclusion of nonresponders to PDE5Is and a scarcity of headto-head comparative studies make the comparison between different PDE5Is difficult.
There are several preclinical and clinical evidences supporting a potential benefit of daily or chronic administration of PDE5Is through improvement in endothelial dysfunction, although which patients with ED are more likely to benefit from chronic dosing rather than on-demand treatment remains to be determined [Behr-Roussel et al. 2005; Porst et al. 2006 Porst et al. , 2008 . Chronic PDE5I dosing may have the following potential benefits: (i) recovery of nonresponders to on-demand therapy; (ii) endothelial and penile rehabilitation, especially in complicated patients; (iii) more spontaneity and naturalness; and (iv) treatment of LUTS/BPH [Bruzziches et al. 2013 ]. Thus, a recent randomized, double-blind, clinical trial by Chung and colleagues evaluated the efficacy and tolerability of once-daily administration of 50 mg mirodenafil for 12 weeks in the treatment of ED [Chung et al. 2013] . The mirodenafil treatment provided significantly greater improvements in the IIEF-5 scores (14.82 points versus 10.33 points), SEP2 (43.0% and 17.0%) and SEP3 (29.0% and 4.5%), compared with placebo, which was comparable with the data obtained with chronic dosing of 2.5-10 mg tadalafil, the only drug currently approved for daily dosing in the treatment of ED SEP2, SEP3, ). Despite the short T 1/2 of mirodenafil, the clinical trial by Chung and colleagues reported the favorable efficacy and tolerability of chronic mirodenafil dosing in the treatment of ED and LUTS. They suggested several plausible explanations for the findings as follows: (i) because significant improvements of endothelial molecular markers were observed in patients with ED after once-daily dosing of sildenafil with the pharmacokinetic properties similar to mirodenafil, which had the higher AUC and C max in both plasma and corpus cavernosum than sildenafil in rats, could be expected to improve endothelial function in a fashion similar to that of once-daily treatment with sildenafil [Chung et al. 2013; Konstantinopoulos et al. 2009; Lee et al. 2009 ]; (ii) as the concentrations of mirodenafil in the corpus cavernosum were higher than of those in the plasma, effects of once-daily treatment cannot be determined by just measuring the blood pharmacokinetics of maximum concentration and T 1/2 of the agent [Chung et al. 2013; Lee et al. 2009]; and (iii) it is possible that PDE5Is may also affect the body at levels lower than the minimal effective concentration. In addition, once-daily treatment with agents that have short half-lives can be effective due to pharmacodynamic factors such as drug distribution and reabsorption [Chung et al. 2013 ]. However, there has been a scarcity of data on the advantage or protective effect of daily administered mirodenafil on endothelium or the related mechanisms in preclinical or clinical studies, besides a previous preclinical study . Therefore, further studies are needed to draw a conclusion about it.
ED is a common complication in patients with SCI. Thus, owing to the overwhelming interest patients with SCI have in sexual function, it is important for clinicians working with this population to be aware of the treatment options (such as PDE5Is) available to improve ED [Rizio et al. 2012 ]. According to the previous studies, sildenafil, vardenafil and tadalafil all have demonstrated efficacy in treating ED in men with SCI, without any serious adverse effects [Del Popolo et al. 2004; Giuliano et al. 2007; Soler et al. 2007; Ergin et al. 2008] . A randomized controlled trial by Ergin and colleagues showed that sildenafil produced higher levels of successful sexual stimulation, successful intercourse rates (60-70% versus < 25%) and the positive response rates to GAQ (87.5% versus 50.0%), compared with placebo [Ergin et al. 2008] . Another randomized controlled trial by Giuliano and colleagues reported that the tadalafil treatment provided significantly greater improvements in the IIEF-EF domain scores (9.2 points versus 0.2 points), the positive responses to SEP2 (75.4% versus 41.1%), SEP3 (47.6% versus 16.8%), GAQ (84.6% versus 19.5%) and ejaculatory frequency (assessed by the IIEF question 9), compared with placebo [Giuliano et al. 2007] . A previous randomized, blinded, crossover clinical trial comparing sildenafil with tadalafil for ED in SCI patients by Del Popolo and colleagues showed that tadalafil significantly increased the percentage of successful intercourse attempts (67.9%) at post-dose 24 hours, compared with 17.9% with sildenafil, while no significant differences were observed in up to 12 hours [Del Popolo et al. 2004 ]. Interestingly, a previous clinical study comparing the treatment efficacy for ED among sildenafil, vardenafil and tadalafil in SCI patients by Soler and colleagues showed that all of the three PDE5Is significantly improved the IIEF-EF domain scores compared with baseline, and a good rigidity (rigidity enough for penetration) was reported in 85% of the patients on sildenafil, 74% of the patients on vardenafil and 72% of the patients on tadalafil [Soler et al. 2007] . Also, the mean duration of erection in the patients on sildenafil, vardenafil and tadalafil was 34, 28 and 26 minutes, respectively [Soler et al. 2007 ]. In accordance with the above-mentioned results, a preclinical study using a rabbit model of acute SCI for comparing the effect of mirodenafil on erectile response with that of sildenafil showed that both mirodenafil and sildenafil produced erectile responses [Jung et al. 2008] . Interestingly, the onset of erection with mirodenafil was faster than with sildenafil, and the erectogenic potential of mirodenafil was significantly better than that of sildenafil at the same dose. Thus, mirodenafil might be a useful option for the treatment of ED secondary to SCI, although further well designed, comparative, clinical trials are needed.
The association between ED and LUTS has biologic plausibility given the interrelationships of the known pathophysiologic mechanisms of the two conditions. Although the pathophysiologic mechanisms for the relationship between LUTS and ED in men remains to be fully elucidated, the NO/NOS pathway, endothelin-1, autonomic overactivity, Rho-kinase activity and autonomic adrenergic hyperactivity have been suggested as common links [Gacci et al. 2012] . A recent metaanalysis of available prospective and cross-sectional studies on the use of PDE5Is alone or in combination with α1-adrenergic blockers in patients with LUTS/BPH showed that they significantly improved LUTS and erectile function [Gacci et al. 2012] . Also, co-administered α1-blockers and PDE5I significantly improved the IIEF score, total IPSS and Qmax compared with α1-blockers alone, without a significant increase in TAEs [Gacci et al. 2012] . In accordance with the data, the two multicenter, openlabel, prospective, noncomparative studies showed that the addition of mirodenafil to α1blockers significantly improved the IIEF-5 and total IPSS at the end of the study compared with baseline (α1-blockers alone), without any serious TAEs [Lee et al. 2011a; Bang et al. 2013 ]. The clinical trial by Bang and colleagues showed an improvement in Qmax at the end of the study after the co-administration [Bang et al. 2013] , whereas the study by Lee and colleagues did not [Lee et al. 2011a ]. Thus, the addition of PDE5I such as mirodenafil to an α1-blocker appears to further improve erectile function and LUTS without a significant increase in adverse effects, although the exact mechanism remains to be elucidated. In terms of the use of PDE5Is alone for the treatment of LUTS, Chung and colleagues showed that once-daily administration of 50 mg mirodenafil for 12 weeks alleviates the total IPSS, QOL index, subtotal voiding symptoms score of the IPSS and Qmax compared with placebo [Chung et al. 2013 ]. In accordance with this, McVary and colleagues revealed that once-daily administration of sildenafil 50-100 mg for 12 weeks significantly improved the total IPSS, QOL index and Benign Prostatic Hyperplasia Impact Index compared with placebo ]. Despite the short half-lives of mirodenafil or sildenafil, the studies showed the positive results in the management of LUTS. They suggested some possible mechanisms for the findings as follows. (i) Zhao and colleagues reported a significantly higher concentration of PDE5Is in prostatic tissue compared to plasma at 1 hour after the administration in patients who underwent transurethral prostatectomy for BPH [Zhao et al. 2011 ]. (ii) As the concentrations of mirodenafil in the corpus cavernosum were higher than of those in the plasma, effects of once-daily treatment cannot be determined by just measuring the blood pharmacokinetics of maximum concentration and T 1/2 of the agent; it is possible that PDE5Is may also affect the body at levels lower than the minimal effective concentration. (iii) Once-daily treatment with agents that have short half-lives can be effective due to pharmacodynamic factors such as drug distribution and reabsorption. However, further well-designed studies are necessary to draw a definite conclusion about it.
According to the recent meta-analysis for oral PDE5Is, the adverse events caused by PDE5Is were generally mild with flushing, headache and dyspepsia being the most common [Yuan et al. 2013] . Consistent with this, the TAEs caused by mirodenafil were generally mild to moderate in severity, with flushing and headache being most common [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013 ]. Furthermore, concomitant use of mirodenafil with antihypertensive medications or α1-blockers did not cause significant hemodynamic changes such as SBP/ DBP and HR during the period of the studies [Paick et al. 2010; Lee et al. 2011a; Bang et al. 2013] . Thus, most studies on mirodenafil suggest that it is well tolerated and safe in a broad spectrum of patient populations, including those with hypertension and those who are taking an α1-blocker [Paick et al. 2008a [Paick et al. , 2008b [Paick et al. , 2010 Park et al. 2010; Chung et al. 2013] . Given the 10-fold higher potency of mirodenafil over sildenafil and the higher selectivity ratios of mirodenafil for PDE5 over the other PDE isoforms compared with those of other existing PDE5Is (sildenafil, vardenafil and tadalafil) [Shin et al. 2006; Francis and Corbin, 2003] , the tolerability of mirodenafil is expected to be better than those of the other existing PDE5Is. In accordance with this, the overall incidence of TAEs caused by mirodenafil (24.3-37.0%) appears to be somewhat lower than those by sildenafil (45.0%), vardenafil (41.5%) and tadalafil (44.0%), according to a meta-analysis by Tsertsvadze and colleagues [Paick et al. 2008a [Paick et al. , 2010 Tsertsvadze et al. 2009 ]. Also, there has been no report of serious cardiovascular events associated with mirodenafil, compared with sildenafil (0.5%), vardenafil (0.2%) and tadalafil (0.3%) [Tsertsvadze et al. 2009 ]. Unlike sildenafil (3.6%), there has been no report of visual disturbance caused by mirodenafil. Furthermore, the incidence of myalgia or back pain associated with mirodenafil was negligible, compared with tadalafil (4.0-5.0%) [Tsertsvadze et al. 2009 ]. Thus, the tolerability profiles of mirodenafil in the treatment of ED appear to be somewhat better than those of the other existing PDE5Is due to the differences in pharmacodynamic profiles. However, because it is largely unproven due to the absence of head-to-head studies, more well designed studies of mirodenafil as well as comparative studies among different classes of PDE5Is are needed to validate it.
It has been reported that a significant portion of men quit taking currently available PDE5Is due to various reasons, such as high cost, adverse effects and lack of efficacy [Hanson-Divers et al. 1998; Souverein et al. 2002; Gonzalgo et al. 2003 ]. Therefore, it may be suggested that room for improvement still exists in the treatment of ED. Also, besides efficacy, tolerability and preference for a medication could be determined by other factors such as mode of action, food interaction and cost [Paick et al. 2008b ]. Therefore, the addition of new PDE5Is such as mirodenafil that have various pharmacologic profiles would benefit some men who were dissatisfied with the pre-existing PDE5Is. However, there is a lack of data on the outcomes of mirodenafil for the treatment of ED in difficult-to-treat populations such as patients with post-prostatectomy ED. Also, there has been a scarcity of clinical data on efficacy and tolerability of mirodenafil for the treatment of ED in ethnic populations other than Korean populations. Furthermore, there have been no long-term studies of mirodenafil in the treatment of ED. Lastly, the fixed-dosing schedules applied in the published studies can limit the treatment outcomes of mirodenafil reported in the studies, because a flexible-dosing regimen could result in different treatment outcomes. Thus, head-to-head comparative studies of different PDE5Is as well as well designed clinical studies with larger cohorts or different dosing regimens or long-term follow up are necessary to confirm the favorable efficacy and tolerability profiles reported in the available clinical trials.
Conclusions
Mirodenafil has a high affinity for PDE5 and high selectivity for PDE5 over other PDE isoforms, compared with other existing PDE5Is. Accordingly, most of the available evidence has reported that mirodenafil effectively improves erectile function in a broad range of patient populations with ED that is consistent with results from the published studies on other PDE5Is. Along with other available PDE5Is in clinical use, mirodenafil also appears to offer favorable efficacy and tolerability in the treatment of diabetic ED, a traditional difficult-to-treat population. Mirodenafil has been reported to be effective, safe and well tolerated, even in patients with both ED and hypertension (HTN) who are taking concomitant antihypertensive medications. Furthermore, although mirodenafil has a short T 1/2 , it might be a helpful option for chronic dosing in the treatment of ED, as supported by favorable outcomes. Mirodenafil, either alone or in combination with an α1-blocker, can improve erectile function, as well as LUTS, without any significant adverse effects, although further randomized, placebo-controlled, comparative studies with different dosing schedules are necessary to confirm it. Due to the pharmacodynamic profiles of mirodenafil, its tolerability is expected to be somewhat better than those of the other PDE5Is. Thus, mirodenafil can be a useful treatment option in a variety of patient populations with ED. Further well designed research is still needed to validate the favorable efficacy and tolerability profiles of mirodenafil and to contribute to determination of the best tailored therapy for ED.
